5-Hydroxymethylcytosine (5hmC) is known as one of the vital players in nuclear reprogramming and the process of active DNA demethylation. Although the development of whole-genome sequencing methods for modified cytosine bases has burgeoned, the easily operated gene-specific loci detection of 5hmC has rarely been reported. Herein, we present a single-base resolution approach, i.e., chemical-assisted mismatch sequencing (CAM-Seq), which, when combined with traditional oxidation and chemical labeling mediation, can be used for mapping 5hmC at base resolution. We employ chemical oxidation to transform 5hmC to 5-formylcytosine (5fC), followed by chemical labeling to induce C-to-T base changes owing to the fact that the loss of the exocyclic 4-amino group of labeled 5fC leads to C to T conversion and subsequent pairing with adenosine (A) in PCR. The feasibility of CAM-Seq is demonstrated in different synthetic oligonucleotide models as well as in part of the genome of 5hmC-rich mouse embryonic stem cells (mESCs). Moreover, the gene fragment containing 5hmC can be easily biotinylated after oxidation, showing high enrichment efficiency. Our method has the potential capability to map 5hmC in genomic DNA and thus will contribute to promoting the understanding of the epigenetic modification of 5hmC.
Introduction
Chemical modications of DNA bases can profoundly inuence various cellular processes, and several epigenetic modications have been found in a variety of mammalian tissues and organisms.
1,2 5-Hydroxymethylcytosine (5hmC) was discovered as an epigenetic mark, and it is produced via an active DNA demethylation process which involves the iterative oxidation of 5-methylcytosine (5mC) driven by ten-eleven translocation (TET) family proteins. [3] [4] [5] [6] [7] Of particular interest is the fact that 5hmC has been found in embryonic stem cells 6, [8] [9] [10] [11] and brain tissue, [12] [13] [14] [15] and it affects gene expression through inhibition binding of 5mC binding proteins or recruiting specic binding proteins of 5hmC. 16, 17 The relative abundance of 5hmC in different tissues may be due to its cell type specicity 18, 19 and 5hmC is associated with various diseases such as cancers.
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Thus, in addition to being an intermediate of active DNA demethylation, 5hmC is involved in regulatory functions in essential biological processes.
24
To date, an ample variety of methods have been developed to detect 5hmC. For the whole genome-wide mapping of 5hmC, several strategies have been established, such as hydroxymethylated DNA immunoprecipitation (hMeDIP) assisted by antibodies 25 and selective chemical labeling with streptavidin beads aer the glucosylation of 5hmC and then biotinylation. 26 Although these methods can solve the problem of the presence of 5hmC in short genomic regions, the resolution depends on the fragment size of the genomic DNA, because of which the precise sites cannot be identied. A method for single nucleotide resolution of 5hmC will enable the identication of individual modications on the genome-wide scale and it will help us to deeply understand the role 5hmC plays in epigenetics. For example, to determine 5hmC distribution with respect to transcription factor binding sites, strategies based on the bisulte treatment of DNA are developed. 5hmC can be protected by glucosylation, followed by Tet-assisted bisulte sequencing (TAB-Seq), which can realize the base-resolution analysis of 5hmC in the mammalian genome. 27 The previous literature reported that KRuO 4 could selectively oxidize 5hmC to 5-formylcytosine (5fC) in high yield, and 5fC is deaminated aer bisulte treatment and therefore sequenced as thymine (T).
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All these excellent studies provide diversied methods to uncover the uncharted territory of 5hmC. It is notable that these methods all rely on harsh bisulte-mediated conversion, which oen causes further DNA degradation.
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Herein, we describe a bisulte-free method for the singlebase resolution sequencing of 5hmC and demonstrate its feasibility in genomic DNA sequencing (Fig. 1 ). Malononitrile and an azido derivative of 1,3-indandione were used for labeling 5fC, which realized the identication 5fC without bisulte treatment at single-base resolution by CLEVER-seq 31 and the fC-CET method, 32 respectively. We previously reported some chemical molecules for the selective labeling of 5fC, [33] [34] [35] and some of these chemical molecules can also realize the goal of single-base analysis of 5fC. For instance, our group reported that 5fC can be labeled with azi-BP 34 (the structure of azi-BP is shown in Scheme 1), and the azide group of azi-BP-fC can react with DBCO-biotin reagents through a copper-free click reaction 26, 36 The conceptual basis for the single-base sequencing of 5hmC involves chemical-assisted mismatch sequencing (CAMSeq). First, 5hmC was selectively oxidized to 5fC by KRuO 4 . Then 5fC was labeled with the chemical molecule previously reported by our group, namely, azi-BP. 34 As mentioned in the reported literature, 31, 32, 34 owing to the original 4 0 amino group of 5fC participating in cyclization, which is no longer a competent proton donor for the canonical base pairing with guanine (G), matching with adenine (A) and misreading as thymidine (T) occurs during the PCR process for realizing the single-base resolution analysis of 5hmC. Moreover, the click chemistry reaction to install a biotin tag can selectively enrich the 5hmC-containing fragment. Thus, the design can easily identify 5hmC in a bisulte-free manner.
Results and discussion
Evaluating the protection of ODN-5fC with hydroxylamine
To eliminate the inuence of the original 5fC in the tested samples, hydroxylamine was used for protecting 5fC 37 to prevent it from reacting with azi-BP. First, we veried that the protected 5fC could not react with azi-BP, and ODN-5fC was chosen for the test. As shown by denaturing polyacrylamide gel electrophoresis (PAGE) analysis (Fig. 1a) , the retarded migration of ODN-5fC indicated that it was successfully protected by hydroxylamine. When the protected ODN-5fC was further incubated with azi-BP, no new band appeared in the gel. These results suggested that hydroxylamine could effectively protect 5fC from being labeled with azi-BP.
Evaluating the reactivity of azi-BP with oxidized ODN-5hmC
Next, we evaluated the reactivity of azi-BP towards the labeling of oxidized 5hmC. Because the hydroxyl groups of both the 5 0 and 3 0 ends of DNA can be oxidized by KRuO 4 , 38 a universal nextgeneration sequencing (NGS) adapter bearing 5 0 -O-methyl groups and 3 0 -O-phosphate groups was used to alleviate potential interference from the oxidation of the hydroxyl groups on the ends of the DNA fragment. Double-stranded DNA containing 5hmC (E-DNA-hmC) was ligated with the 5 0 -O-methyl group and 3 0 -O-phosphate group modied adapters using the standard protocol, and then the puried adapter-ligated DNA samples were subjected to oxidization by KRuO 4 . Aer puri-cation, the mixture was incubated with azi-BP and DBCO-biotin for the dot blot assay. The dot indicated that the oxidized 5hmC can be effectively labeled by azi-BP (Fig. 1b , dot 2), and the 5fC protected by hydroxylamine could not be further labeled with azi-BP (Fig. 1b, dot 4 ), which suggested that aer being protected by hydroxylamine, the original 5fC could not affect the detection of 5hmC.
Sanger sequencing for single-base resolution analysis of 5hmC in synthesized DNA
Encouraged by the result of the dot blot assay, we proceeded to perform CAM-Seq to analyze 5hmC at single-base resolution.
As reported previously, 34 azi-BP labeled 5fC generates a cyclic reaction, which leads to the loss of the 4-amino group of 5fC and thus the failure to pair with G in a canonical base pairing manner. The disabling of the proton donor by the original 4- Next, 5hmC is oxidized to 5fC, and the oxidized product is labeled with azi-BP. Then labeled product is used for sequencing. amino group causes modied 5hmC to pair with A. As a proofof-concept, an 80 bp-ds DNA containing one site of 5hmC (seq-1 ds-ODN-5hmC, ESI Table S1 †) was oxidized and further labeled by azi-BP. Aer amplication by PCR with MightyAmp DNA polymerase, the products were further applied in single cloning analysis. The Sanger sequencing results showed that modied 5hmC is read as T during sequencing ( Fig. 2a and b) , indicating that the designed strategy can realize the singlebase resolution analysis of 5hmC. To further prove the results of Sanger sequencing, the presence of 5hmC at seq-1 ds-ODN-5hmC was conrmed by conventional bisulte sequencing ( Fig. 2c and d) . Whether CAM-Seq can recognize multiple 5hmC sites simultaneously is vital to generalize its application in the genome owing to the fact that 5hmC may also be present continuous. A model DNA strand containing two 5hmC sites (seq-2 ds-ODN-5hmC, ESI Table S1 †) was chosen for testing the feasibility. To our delight, the C to T conversions in 5hmC sites were all observed by Sanger sequencing, which showed that the sites of 5hmC can be accurately located by CAM-Seq (Fig. S1 †) .
Sanger sequencing for the single-base resolution analysis of 5hmC in genomic DNA from mESCs Encouraged by the above results, we then asked whether CAM-Seq could be applied to 5hmC detection in some specic genomic DNA regions. To this end, several specic regions from mESCs 39 reported to contain 5hmC were selected for the test. For example, the gene of PAX5 as a B cell transcription factor was chosen for the test. First, we extracted the genomic DNA from mESCs. Then the genomic DNA was incubated with hydroxylamine and subjected to oxidation as described by the protocol reported previously, 28, 40 followed by labeling with azi-BP and PCR. The PCR products were veried by agarose gel electrophoresis analysis (Fig. S2 †) . As measured by CAM-Seq, the precise loci of 5hmC in the tested regions can be identied. These results were further conrmed by conventional bisulte sequencing (Fig. 3) . And several other regions were also tested (Fig. S3 †) . Collectively, this design will be a potential approach for 5hmC detection in the genome.
Illumina sequencing of synthesized DNA containing 5hmC
Whether CAM-Seq can be used for high-throughput sequencing is vital for the genome-wide analysis of 5hmC at single-base resolution. A synthetic oligonucleotide with one 5hmC at a dened position (seq-1 ds-ODN-5hmC) was applied in NGS; we also spiked in unmodied DNA (seq-1 ds-ODN-C, seq-1 ds-ODN5hmC : seq-1 ds-ODN-C ¼ 1 : 10) to increase the complexity of the system. The DNA without treatment was used as the control sample. First, the model DNA was ligated to the modied NGS adapter. Then the adapter ligated DNA sample was denatured in NaOH followed by oxidization with KRuO 4 . Aer labeling with azi-BP and DBCO-S-S-PEG 3 -biotin, a pull-down assay was carried out to enrich the labeled 5hmC. The enriched sample was quantied using Qubit and then applied in the amplica-tion with minor modications. Briey, the libraries were amplied using the MightyAMP DNA polymerase (Takara). These libraries were sequenced on a HiSeq X Ten platform in 150 bp paired-end mode. As demonstrated by bioinformatics analysis, the NGS data showed signicant C-to-T conversion. The ratio of T read is $88% (Fig. 4) . It is worth mentioning that the C read counts in the treated samples, which are comparable to the T read counts, come from the complementary strand of the 5hmC containing sequence. These inspiring NGS results with single-base resolution encouraged us to implement this CAM-Seq for precise 5hmC mapping in the whole genome in the near future.
Inhibition of DNA polymerase replication by DBCO-PEG4-biotin
Aer modications, the large group was added to the labeled 5hmC, which may create a barrier against normal enzymatic reactions such as PCR. 80 bp double-stranded DNA strands containing 5hmC and 5fC (E-DNA-hmC, DNA-fC, ESI Table S1 †) were chosen for further study. These DNA strands were incubated with hydroxylamine and then subjected to oxidation. Aer purication, these samples were labeled with azi-BP and DBCO-S-S-PEG4-biotin. Taq DNA polymerase from a Hieff™ PCR SYBR® Green Master Mix was selected to test the effect of this huge additional group on the replication of labeled 5hmC. Quantitative PCR (qPCR) analysis was used to evaluate the polymerase activity. Ct value represents the number of cycles required to achieve the set uorescence value. A larger Ct value indicates a less effective DNA template, which means that the replication process was hampered. As expected, the oxidized and chemically labeled 5hmC showed a higher Ct value than the untreated sample (Fig. 5, red line) . Moreover, aer being protected by hydroxylamine, the 5fC containing DNA could not affect the activity of DNA polymerase. The result is also consistent with the PAGE and dot blot analysis (Fig. 1) in that protected 5fC could not be further labeled with azi-BP. These results demonstrate that our design assisted by PCR amplication can detect a low content of 5hmC in a complex environment, and this encourages us to perform further detailed study.
Enriching 5hmC-containing DNA fragments
In addition to the advantage of 5hmC single-base resolution analysis, the azi-BP can be biotinylated to provide another application for enriching DNA fragments bearing oxidized 5hmC. To evaluate the enrichment efficiency, three 80 bp dsDNA strands (E-DNA-C, E-DNA-hmC, E-DNA-fC, ESI Table S1 †) were used as the enrichment models. The process of enrichment efficiency analysis is shown in Fig. 6a . First, these model DNA strands were mixed in equal moles, and incubated with hydroxylamine to protect the formyl group. As mentioned above, the hydroxyl groups of both the 5 0 and 3 0 ends of DNA can be oxidized by KRuO 4 which can induce labeling of non-5hmC containing DNA with azi-BP. Second, the mixture was ligated with a modied adapter and then oxidized by KRuO 4 . Third, the mixed system was incubated with azi-BP and DBCO-S-S-PEG3-biotin. Finally, the puried ODNs were obtained for affinity enrichment using streptavidin-coated magnetic beads. The enrichment efficiency was calculated using qPCR. 5hmC-DNA was enriched $97-fold more than non-modied C-DNA ( Fig. 6b and S4 †) . A similar level of enrichment was observed for 5hmC-DNA compared to 5fC-DNA, indicating that 5fC protected by hydroxylamine could not be captured. The results of enrichment analysis and Illumina sequencing revealed that our strategy can be used as a potential strategy for the single-base resolution analysis of 5hmC in the whole genome without bisulte treatment.
Conclusions
In summary, we demonstrated a new method to detect and sequence 5hmC at single-base resolution by chemical-mediated mismatching. The Sanger sequencing and Illumina sequencing analyses clearly identied 5hmC through C-to-T conversion. We were able to detect the 5hmC signal from mESC genomic DNA. The reactivity inhibition of DNA polymerase caused by the labeled 5hmC can enable quick screening of existing 5hmC. A pull-down analysis indicated that our strategy can selectively enrich fragments containing 5hmC in DNA. During the revision of this study, a bisulte-free method that detects 5hmC in hESCs and cfDNA has been reported. 41 The main advantage of this method is that it is bisulte-free, yet has a single-base resolution nature. However, the condition of oxidation that we use is harsh. Further efforts should be made to improve this strategy. In general, our ndings can provide an alternative for the whole-genome mapping of epigenetic modications.
Methods

Synthesis of 80 bp ODN-hmC and ODN-fC by polymerase chain reaction
To synthesize 5hmC/5fC containing oligodeoxynucleotides, modied nucleotides were incorporated into the PCR. 80 bp ds ODN-hmC (E-DNA-hmC) (see Table S1 †) was synthesized using template 2, forward primer 2 and reverse primer 2 in the presence of dATP, dTTP, dGTP and dhmCTP. 80 bp ds ODN-fC (E-DNA-hmC) (see Table S1 †) was synthesized using template 3, forward primer 3 and reverse primer 3 in the presence of dATP, dTTP, dGTP and dfCTP. PCR reactions were prepared with 10Â DreamTaq buffer (5 mL), 2 mL forward primer (10 mM), 2 mL reverse primer (10 mM), 1 mL template (100 nM), 1 mL dATP (10 mM), 1 mL dTTP (10 mM), 1 mL dGTP (10 mM), 1 mL dXTP (X ¼ hmC or fC) (10 mM), 5 U DreamTaq polymerase and ddH 2 O to give a nal volume of 50 mL. The mixture was then subjected to the following thermal cycle: 95 C for 3 min, 35 cycles of 95 C for 10 s, 60 C for 30 s, and 72 C for 90 s, and 72 C for 3 min using a T100™ Thermal Cycler (BioRad). The PCR product was puried using a DNA Clean & Concentrator™-5 kit according to the manufacturer's instructions. The PCR product was conrmed by 4% agarose gel electrophoresis (AGE) analysis (Fig. S3 †) . The DNA concentration was quantied using a NanoDrop 2000c (Thermo Scientic, USA).
Hydroxylamine protection of 5fC
To prevent 5fC from reacting with azi-BP, we use hydroxylamine to protect 5fC. The hydroxylamine protection of 5fC was performed in 100 mM MES buffer (pH 5.0), 10 mM O-ethylhydroxylamine (in ddH 2 O, Aldrich, 274992), and 2 mL (100 mM) ODN-5fC or 200 ng 80 bp ds ODN-5fC for 2 h at 37 C. The mixture was puried using Micro Bio-Spin™ P-6 Gel Columns in SSC buffer aer being pre-washed with ddH 2 O (3 Â 500 mL) for removing O-ethylhydroxylamine and MES.
Dot-blot assay
For the dot-blot assay, different DNA strands were dotted on an Amersham Hybond-N + membrane (GE Healthcare). Aer drying, the dots were crosslinked with the membrane using UV light (254 nm) at RT for 5 min twice and washed with 1Â TBST twice. Then the membrane was blocked with 5% BSA at 37 C for 1 h and washed with 1Â TBST ve times. Aer labeling with streptavidin-HRP (1 : 1500) (Thermo Scientic) at 37 C for 1 h and washing with 1Â TBST four times, the results were visualized by enhanced chemiluminescence (SuperSignal™ West Pico Chemiluminescent Substrate, Cat: 34077, Thermo Scientic) using a Molecular Imager® ChemiDocTM XRS+ Imaging System (Bio-Rad). Finally, the membrane was steeped in methylene blue (in NaOAc buffer) to verify the existence of DNA in every dot.
The modied adapter solution for protecting hydroxyl groups at both the 5 
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